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Surface Films Produced by Cathodic 
Polarization of Aluminum 
Ching-Feng Lin, ~ Marc D. Porter, *'b and Kurt R. Hebert *'a 
aDepartment ofChemical Engineering, and bAmes Laboratory-USDOE and 
Department of Chemistry, Iowa State University, Ames, Iowa 50011 
ABSTRACT 
Cathodic polarization of aluminum in acid solution produces a surface film which was studied using infrared reflec- 
tance spectroscopy (IRS), and quartz crystal microbalance (QCM), and capacitance measurements. According to the QCM 
results, deposition of the film began after passage of 7.2 mC/cm zof cathodic harge at a potential of -2.0 V. This charge 
was consistent with IRS and capacitance measurements. The film grew at an approximately constant rate with time, 
indicating that its ionic conduction resistance is small. Also, the linear increase of the reciprocal capacitance as a function 
of film mass is consistent with film growth occurring uniformly across the electrode surface. IRS showed that the cathodic 
film is an amorphous aluminum hydroxide or oxyhydroxide which contains absorbed water; QCM stripping measurements 
found that there was at least one water molecule per aluminum ion. This extensive hydration is perhaps related to the 
relatively low ion transport resistance. Mass transport calculations indicated that the film was formed by direct electro- 
chemical growth and not by precipitation. 
At potentials cathodic to the open-circuit potential of 
aluminum, cathodic hydrogen evolution due to the reduc- 
tion of hydrogen ions and water occurs simultaneously 
with anodic oxidation and dissolution processes. In this 
potential region, corrosion rates are greater than at poten- 
tials near open circuit? Cathodic corrosion is relevant to 
the corrosion of metallization lines in integrated circuits, 2-4 
and is also a consideration for cathodic orrosion protec- 
tion. 5 Cathodic enhancements of corrosion are viewed by 
some investigators to be caused by increased solution pH 
near the metal surface, resulting from the production of 
hydroxide ions.~'~'7 Indeed, aluminum corrosion is known to 
proceed rapidly in alkaline solutions. 8 Others, however, at- 
tribute cathodic corrosion of aluminum to hydration of the 
surface oxide film at cathodic potentials, which decreases 
the resistance of the film towards ionic transport? '9'~~ In 
addition to increased metal dissolution rates, large ca- 
thodic currents are observed. This "valve metal" behavior 
has been attributed to the presence of localized conductive 
paths in the oxide film, such as microfissures, which allow 
rapid passage of hydrogen ions. ~'~2 
Cathodic activation is also relevant to processes where 
aluminum is etched by sequential or alternating cathodic 
and anodic polarization. Alternating cathodic and anodic 
polarization in acid chloride solutions (ac etching) pro- 
duces very high corrosion pit densities on aluminum. ~3-~8 
* Electrochemical Society Active Member. 
c Present address: Industrial Technology Research Institute, Ma- 
terials Research Laboratories, Hsinchu, Taiwan, China. 
AC etching is utilized industrially to promote controlled 
microscopic roughening of aluminum surfaces, for capaci- 
tor electrodes, and for offset plates in lithography. The 
charge passed uring the cathodic half-cycle in ac etching 
influences the etching morphology produced during the 
anodic half-cycle. 16'18 For example, Lin and Hebert TM found 
pit densities approaching 107/cm 2 after single cycles of ca- 
thodic and anodic polarization; i  contrast, he pit density 
-was about 100 times smaller after anodic polarization with 
no prior cathodic harging. Thus, it appears that whatever 
surface changes occur during cathodic polarization can 
also increase the susceptibility of the metal to pitting cor- 
rosion during subsequent anodic polarization. 
In this paper, the electrochemical behavior of aluminum 
in acid chloride solution was investigated, with attention to 
the deposition of surface films during cathodic polariza- 
tion. These films are deposited during ac etching 14'17 as well 
as during sustained cathodic polarization. TM Ex  situ in- 
frared reflectance spectroscopy (IRS) was  combined  with 
in situ measurements  of mass  changes with the quartz crys- 
tal microba]ance (QCM).  IRS  probes the composit ion of 
the film, I~'2~ while the QCM measures  electrode mass  
changes. 2~'22 Thus, the film growth  reaction could be identi- 
fied, and  its rate monitored. Capacitance measurement  
were  also carried out to provide an additional in situ meas-  
u rement  of film growth, and  to assess whether  film deposi- 
tion occurred uniformly across the surface, or else was  
localized to particular sites. The  characterization of ca- 
thodic film growth  found here provides a basis for an  anal- 
ysis of its mechan ism to be given in the following paper. 
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Additionally, a mass-transport calculation is presented 
which addresses the question of whether the film forms by 
precipitation or by direct electrochemical reaction. 
Experimental 
Preparation of aluminum films. --The aluminum samples 
were approximately 0.25 t~m thick, prepared by evapora- 
tion from 99.99% A1 foil (Toyo), onto 1 • 3 in. microscope 
glass substrates. The pressure in the cryopumped coating 
system (E360A, Edwards) durfng evaporation was below 
1 x 10 .6 Torr, with an initial base pressure below 4 x 
10 7 Torr. The evaporation rate, which was measured with 
a quartz crystal thickness monitor, was 1.8 to 2.0 nm/s. 
After the substrates had returned to room temperature, the 
evaporator was backfilled with purified N2, and the 
substrates removed. The aluminum films were generally 
exposed to laboratory ambient for about 24 h prior to 
experiments. 
Infrared spectroscopy.--Prior t  cathodic polarization, 
the aluminum films were pretreated at room temperature 
by immersion i  0.1M aqueous HC1 soiution for 5 min. This 
pretreatment enhanced the reproducibility of cathodic film 
growth. After pretreatment, the films were removed, rinsed 
with deionized water, dried on a spin coater, and placed in 
the sample chamber of the infrared spectrometer. Infrared 
spectra were acqfiired with a Fourier transform infrared 
(FTIR) spectrometer (Nicolet 740) using p-polarized light 
incident at 80 ~ and a liquid nitrogen cooled MCT detector. 
A home-built sample holder was used to position the sub- 
strates in the spectrometer reproduciblyY The spectrome- 
ter was purged with boil-off from liquid N2. Spectra were 
obtained by referencing 1024 sample scans to 1024 back- 
ground scans at 2 cm -a resolution (zero filled) with Happ- 
Genzel apodization. All spectra re reported as - log (R/Ro) 
where R is the reflectively of the sample after cathodic 
polarization and Ro is the reflectivity of the reference sam- 
ple (see below). 
Polarization experiments were conducted by exposing 
12 cm 2 of the sample to aqueous 0.1M HC1 solution. The 
reference lectrode was an Ag/AgC1/4M KC1 electrode 
(Fisher), and the counterelectrode was a Pt wire. Polariza- 
tion experiments used a conventional potentiostat (CV-27 
Voltammograph, Bioanalytical Systems). The cathodic 
charge passed during polarization was monitored with a 
coulometer. Cathodic polarization was at -2.0 V vs. the 
Ag/AgC1/4M KC1 reference lectrode at room temperature, 
except as noted; this potential is in the region of the alu- 
minum polarization curve where significant cathodic ur- 
rents are passed (Fig. 1). Also, cathodic charging at this 
potential significantly enhances the rate of corrosion pit 
initiation, during subsequent anodic polarization above 
the pitting potential. ~8'24 A polarization experiment was 
E -1 
E 
•3: 
.~ -4-" 
o 
-2 -1.9 -1.8 -1.7 -1.6 -1.5 -1.4 
Potential (V vs .  Ag/AgCI) 
Fig. 1. Cathodic polarization curve, measured during a potential 
sweep from - ] .5  to -2 .0  V. The solution was 0 . |N HCI, and the 
potential scan rote was 10 mV/s. 
terminated when a desired cathodic harge was attained. 
The aluminum electrode was then removed from the cell, 
and rinsed thoroughly with deionized water. After drying 
in a spin coater, the electrode was placed in the spectrome- 
ter, and the spectrum was recorded. The spectra of alu- 
minum electrodes after cathodic charging were referenced 
to those of the same electrodes after the acid pretreatment. 
Deuterium exchange experiments were carried out to aid 
the assignment of bands in the infrared spectra. For this 
purpose, a cathodically polarized aluminum electrode hav- 
ing had its spectrum recorded was immersed in liquid D20 
(Fisher, 99.8%) for 3 h. It was then placed in the N2-purged 
sample chamber of the spectrometer. After drying in the 
chamber, the sample spectrum was recorded. Drying in the 
chamber was necessary for obtaining a completely deu- 
terium-exchanged spectrum. Only slight changes in spec- 
tra were noted if the film was allowed to dry in the spin 
coater after removal from D20, suggesting rapid exchange 
between H and D. 
Quartz crystal microbalance.--Following the procedures 
described above, aluminum film electrodes for QCM exper- 
iments were evaporated onto both sides of planar, 1 in. 
diam, overtone-polished, AT-cut quartz crystals (Valpey- 
Fisher). The metal films, which were deposited using a 
standard keyhole design, 21 were about 0.25 Izm thick, and 
the area of the electrode facing the electrochemical cell was 
0.34 cm 2. The crystals were operated at their fundamental 
frequency of 5 MHz,  giving a mass sensitivity of 17.67 ng/ 
Hz-cm 2, according to the Sauerbrey relationship 2~'22 
i f  = -2.26 x 10-6f~hm [1] 
where f is the resonant frequency of the quartz in Hz, and 
Am is the mass change in g/cm 2 corresponding to the meas- 
ured frequency shift hf. The QCM instrument, which has 
been previously described, 21'26 included both oscillator and 
potentiostat circuits. The crystal was mounted in the wall 
of the electrochemical cell using an O-ring. The QCM was 
interfaced to a personal computer using a data acquisition 
board (Lab-PC, National Instruments), through which ap- 
plied potential waveforms and current measurements were 
transmitted. The frequency was measured with a frequency 
counter (Hewlett Packard 5334b), interfaced with a GPIB- 
PCI I  board. A QuickBasic  (Microsoft) p rogram was  devel- 
oped to drive the two  boards simultaneously. 
APt  wire and  an Ag/AgCI/4M KCI  electrode were  in- 
serted into the cell as counterelectrode and reference elec- 
trode, respectively. The  electrolyte solution was  25 ml  of 
aqueous  0 .1M HCI  and  the temperature was  25~ Prior to 
polarization experiments, the a luminum electrode was  al- 
lowed to contact the electrolyte solution for 5 min  at open 
circuit. This pretreatment was  the same as that used in IRS  
experiments. The  frequency was  measured  at the rate of 18 
ms  per reading during polarization. 
The  mass  of the surface film present after cathodic 
charging experiments was  determined by  chemically strip- 
ping the film, while simultaneously measur ing  the QCM 
frequency shift. Stripping was  accompl ished by  adding 
25 ml  of a solution of 8% CrO3 and  20% HaPO4, 26 to the cell" 
solution, after about 30 s on open circuit had  elapsed fol- 
lowing cathodic polarization. The  t ime for the frequency to 
reach a steady value (defined as complet ion of stripping) 
varied f rom 3 to 5 min. An  example  of a frequency transient 
during oxide stripping is given by  Lin. 24 
Electrode capacitance m asurements.--Capacitance of 
the aluminum electrodes was measured immediately after 
cathodic charging. The capacitance was obtained from 
analysis of anodic current ransients measured upon step- 
ping from the cathodic harging potential to -0.9 V. The 
potential of - 0.9 V was in the passive region cathodic to the 
pitting potential. Currents were measured through a poten- 
tiostat [Princeton Applied Research (PAR) 273], using a 
high speed voltmeter (Keithley 194A), which acquired cur- 
rent data every 10 ~s. 
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Fig. 2. Infrared external reflection spectrum for the surface film on 
an as-deposited aluminum electrode. The spectrum of a bare gold 
surface was used as the reference subsh'ate. 
X-ray photoelectron spectroscopy measurements.--The 
thickness and composition of air-formed oxide films were 
measured by x-ray photoelectron spectroscopy (XPS). The 
spectrometer (PHI 5500) was equipped with a hemispheri- 
cal analyzer, using A1 Kc~ emission at 300 W (14 keV). The 
photoelectron detector angle relative to the sample surface 
was 45 ~ Surface contamination containing carbon was re- 
moved by ion sputtering with an Ar § beam at an accelerat- 
ing voltage of 4 keV (-0.4 ~A), for 2 min. The areas of peaks 
in the spectra were calculated using Gaussian curve fitting. 
The O/A l  atomic ratio in the film was  determined f rom the 
relative areas of the O(is) peak  and the Al(2p) peak  for 
a luminum ions in the oxide film, using PH I -ACESS soft- 
ware. The  film thickness was  estimated by  compar ing  the 
integrated intensities of the Al(2p, metal) and  Al(2p, oxide) 
peaks. 27 Details of this calculation are given by Lin. ~4 
Results 
Air-formed oxide film.--The infrared external reflec- 
tance spectrum of an as-evaporated aluminum electrode is
shown in Fig. 2. The broad band with a maximum at 
3389 cm -1 is the O-H stretching vibration, while the band 
at 1613 cm -~ is the H-O-H bending vibration. 2~ The O-H 
stretching vibration is associated with H20 or hydroxide 
ions. The band at 949 cm -1 has been noted in the reflectance 
spectra of anhydrous films produced by air oxidation or 
anodic oxidation in neutral solutions. 28-33 It has been as- 
signed to the longitudinal optic mode of the A1-O stretch- 
ing vibration. 19'33 To support this assignment, A1~O3 films 
were formed by air oxidation at 380~ for various times. A 
band at 948 cm -1 dominated the spectra and increased as 
the extent of oxidation increases. 2~ The 828 cm -~ band in 
Fig. 2 is not present in the reflectance spectra of amorphous 
A1203 films. 2s-33 Its intensity did not increase appreciably 
during air oxidation. This band is most likely associated 
with an A1-OH vibration, ~~ or could perhaps be due to an 
organic contaminant from sample handling. In either case, 
it vanished upon HC1 pretreatment. The hydroxyl stretch 
band is very wide (1500 cm -1) and is at a lower wave num- 
ber than that for "free water" hydroxyl (3600 to 3700 cm-~), 
indicating that much of the hydroxyl in the film is a bound 
state. The O/A] atomic ratio was determined to be 1.9 using 
x-ray photoelectron spectroscopy (XPS). This ratio is 
larger than the value of 1.5 expected for anhydrous oxide, 
so, like the infrared spectrum, it suggests the presence of 
hydroxide or water in the film. The thickness of the air- 
formed surface film was determined with XPS to be ap- 
proximately 3.1 nm, in good agreement with prior meas- 
urements.34'35 
Infrared spectroscopy investigation of films formed by 
cathodic charging.--Infrared reflectance spectra for alu- 
minum electrodes, after cathodic charging in 0.1M HC1 at 
-2.0 V at 25~ are shown in Fig. 3. The spectra in Fig. 3 are 
difference spectra referenced to the electrodes after HC1 
pretreatment. The pretreatment itself caused the intensi- 
ties of all the bands of the infrared spectra to decrease by 
less than 5%, indicating that a small fraction of the film 
dissolved. Figure 3 shows that, upon cathodic polarization, 
there was no increase in absorbance with 4.7 mC/cm 2ca- 
thodic charge passed, but, for charges above 10.7 mC/cm 2, 
the intensities of the peaks in the spectrum increased 
monotonically. Apparently, there was a critical charge of 
between 4.7 and  10.7 mC/cm 2 for the formation of cathodic 
products wh ich  could be detected by  IRS. A new peak, cen- 
tered at 905 cm -I with a broad shoulder at a round 
1050 cm -I, appeared and  increased significantly with ca- 
thodic charge (see Fig. 3b). The  band at 1644 cm -I (H -O-H 
bend) also grew with cathodic charge. The  max imum of the 
broad band at high frequency (O-H bend) shifted gradually 
f rom 3389 cm -I for the electrode after pretreatment toward  
a higher frequency of 3459 cm -1 for the cathodically 
charged electrodes. Figure 4 shows  that the areas for the 
three major  bands, wh ich  were  integrated f rom the spectra 
in Fig. 3, increased linearly with cathodic charge, indicat- 
ing that the surface film mainta ined a comparab le  compo-  
sition as it became thicker. 
Deuter ium exchange and  dehydrat ion experiments were  
carried out to assist in the assignment of bands  in the in- 
frared spectra. Shown in Fig. 5 are the spectra with 
250 mC/em 2 cathodic charge applied (Fig. 5a), and  for the 
same electrode after 3 h immers ion  in 99 .8% D20 (Fig. 5b). 
Deuter ium exchange caused the 3462 cm -~ and the 
1644 cm -~ bands to shift to 2543 cm -~ (O-D stretch) and 
1501 cm -~ (D-O-D bend), 9 respectively. The shoulder at 
around 1050 cm -~ diminished appreciably, and apparently 
shifted to overlap with the 905 cm -~ A1-O peak. The peak 
positions and intensities returned to their original values 
when the deuterated samples were immersed in H20 for 
another 3 h. Figure 6 compares the infrared spectrum for 
cathodically charged aluminum, and the spectrum for the 
same sample after it had been subsequently held at 235~ 
for 3 h, in order to dehydrate the surface film. As for deu- 
terium exchange, this treatment caused the band at 
3460 cm -~ and the shoulder at 1050 cm -~ to drop out. How- 
ever, the intensity of the band at 905 cm -1 increased (prob- 
ably because of thermal oxidation) and its peak position 
shifted to 935 cm -1, which is closer to the wave number of 
960 cm 1 reported for the A1-O band of anodically formed 
barrier A1203 films. ~2 
The cathodic behavior of aluminum at higher tempera- 
tures is also of interest, since ac etching is sometimes car- 
ried out above room temperature. Figure 7 shows the in- 
frared spectra of surface films on aluminum after cathodic 
charging at 65~ at the potential of -2.0 V. The features of 
these spectra are not appreciably different from those in 
Fig. 3, indicating a similar fihn composition. However, the 
film grown at the higher temperature is evidently much 
thicker for a comparable cathodic charge. Also, cathodic 
film growth was detected at a charge as small as 1.7 mC/ 
cm 2, while at room temperature, film growth did not begin 
until 5 to 10 mC/cm 2charge had passed. 
Quartz crystal microbalance measurements during ca- 
thodic charging. In situ quartz crystal microbalance ex- 
periments were carried out during cathodic charging to 
determine when the surface films detected with IRS were 
produced. Figure 8 shows a QCM frequency transient, as 
well as the charge passed, during constant potential charg- 
ing of the aluminum electrode at -2.0 V. There is an initial 
period of about 2 s during which no frequency change is 
observed. The  corresponding cathodic charge for this ini- 
tial period is 7.2 mC/em 2, wh ich  agrees with the critical 
charge for film growth  to be detected by IRS  (4.7 to 10.7 
mC/cm2).  Thus, the period before the frequency changed is 
a delay before the onset of film growth. After this initial 
period, the frequency decreased approximately linearly 
with time. The  corresponding current transient to Fig. 8 is 
given in Fig. 9. After the current max imum,  the cathodic 
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Fig. 3. Effect of cathodic charging at 25~ on infrared external reflectance spectra of surface films on aluminum electrodes: (a, left) shows 
entire spectra and (b, right) shows an expanded view of the region between 800 and 1500 cm -1. The spectra are difference spectra referenced 
to the film after O. 1M HCI pretreatment for 5 min and have been offset for clarity of presentation. The cathodic potential is -2 .0  V, and cathodic 
charges are as indicated. 
current decayed slowly while the rate of frequency shift 
stayed constant. 
Ev idence that stress associated with oxide film growth  
can contribute to QCM frequency measurements  has been 
given by Heusler et el. 38 In order to detect the presence of 
stress, duplicate experiments to those in Fig. 8 were  carried 
out using a luminum films deposited on 5 MHz  BT-cut 
quartz crystals. AT-cut and  BT-cut quartz crystals have the 
same frequency response to mass  changes, but their fre- 
quency  changes due to variations in stress are opposite in 
sign. 3~ In the cathodic charging experiments, AT-cut and  
BT-cut quartz crystals gave the same rate of frequency 
change, so there was  no significant stress change during 
cathodic polarization. 
Another  requirement for the validity of the Sauerbrey 
equation (Eq. i) is that the surface film should behave me-  
chanically as a rigid elastic overlayer. Departures from 
ideal elastic behavior, owing to viscous losses, have been 
noted for thick polymer films which incorporate signifi- 
cant amounts of water. 38 Since IRS results howed that the 
water content of the surface films work was appreciable, 
the possibility of their viscoelastic behavior was consid- 
ered. An analysis of quartz oscillators in contact with liq- 
uids was given by Kanazawa nd Gordon. 39 They found 
that the amplitude of the shear wave in the liquid decays as 
exp [-(co/v)l/2x], where co is the angular frequency of vibra- 
tion, v is the kinematic viscosity of the liquid, and x is the 
distance from the surface. Thus, for a 5 MHz quartz oscitla- 
tor in water, the ampl i tude at a distance l0 nm into the 
liquid wou ld  only be 5% lower than that at the surface. In 
the present work,  the max imum film thickness was  about 
13 nm,  and  the effective viscosity of the film is probably at 
least one or two orders of magnitude larger than that of 
water. Therefore, it is unlikely that the shear wave in the 
film would be significantly damped by viscous losses. 
The absence of significant stress and viscoelastic effects 
implies that the Sauerbrey equation (Eq. i) can be used to 
relate frequency shifts to mass changes. Figure 8 indicates 
that the mass of the electrode increased at a rate of 6.] • 
10 -8 g/cmLs during cathodic charging. This mass increase 
is the net result of accumulation of cathodic products at the 
electrode surface, and aluminum corrosion during cathodic 
charging. The approximately constant rate of mass in- 
crease during film growth  at constant potential indicates 
that the cathodic products had  a relatively small resistance 
to transport of the ions wh ich  contribute to film growth. 
The  decrease of cathodic current measured  during this t ime 
may be due to the bui ldup of this low resistance surface 
film. 
Figure 8 (inset) also shows  a frequency transient wh ich  
was  measured  when the potential was  stepped to -0.9 V 
after cathodic charging. The  frequency decreased by  about 
7 Hz  within I to 2 s. The  potential of -0.9 V is in the passive 
region of the current/potential curve be low the pitting po- 
tential (-0.65 V), and  is close to the open-circuit potential 
25 2.5 
o 3700-2600 cm "1 o 
20 ~ 1700-1600 cm "1 J 
" 15 -1.5 
10-" o 1 
-~ 5- ?.5 
0 I ' ' ' ' I i , i , I ' ' ' ' I ' ' 0 
0 50 1 O0 150 
Cathodic charge (mC/cm 2) 
Fig. 4. Integrated peak areas for the bands of the infrarecl spectra 
shown in Fig. 5. 
0.2  
0.15: ~, 
m 0.1 ~ 
C A 0.05- ~ ~  a ~ 
J~  
'~ 0- 
-0.05- 
-0.1 
4000 . . . .  30100 . . . .  20100 . . . .  10100 ' 
Wave number (cm "1) 
Fig. 5. Effect of deuterium exchange on the infrared spectra of 
surface films on cathodically charged electrodes: (a) after 250 mC/ 
cm 2 cathodic charge; (b) after (a) and then immersion in 99.9% D20 
for 3 h. 
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Fig. 6. Effect of dehydration on the infrared spedro of the film on 
o cothodically charged electrode: (a) after 167 mC/cm 2 cathodic 
charge; (b) after (a) and then 3 h at 235~ 
after cathodic charging (about -1.0 V). Similar transient 
frequency decays were noted when the electrode was set to 
open circuit immediately after cathodic charging. These 
frequency transients near the open-circuit potential are re- 
lated to further eactions which take place after cathodic 
polarization, ~~ which resulted in large increases in the elec- 
trical resistance of the surface film. 2~'4~ One possible open- 
circuit reaction is that between water in the film and alu- 
minum metalY Because of this open-circuit reaction, the 
infrared spectra may not fully represent the film present 
during cathodic polarization. 
Masses of films produced by cathodic harging were de- 
termined by chemically stripping the oxide films from the 
aluminum electrode, while measuring the QCM frequency 
shift. Figure 10 shows that the frequency increase due to 
stripping, Aft, was a linear function of Ale, the cathodic 
frequency shift. The non-zero intercept of the stripping 
data in Fig. 10 (-41 Hz) is probably due to a residual 
chromium-containing surface film left after stripping. 24
The mass changes measured uring cathodic harging and 
stripping can be compared to estimate the mass fraction of 
aluminum in the film. To make this calculation, it is tempo- 
rarily assumed that no A1 +~ dissolved into solution during 
cathodic charging, and that the film composition was not 
altered by reactions on open circuit after charging. The 
mass fraction of aluminum is then given by the slope of 
Fig. 10 
• = 1 - XA~ [2] 
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Fig. 8. Quartz crystal microbalance frequency shift and accumu- 
lated cathodic charge during cathodicpolarizafion of aluminum in 
0.1M HCI at room lemperalure. The cathodic potential was -2 .0  V. 
After cathodic charging for 30 s, the potential was stepped to -0 .9  V. 
The frequency transient at -0 .9  V is shown in the inset on an ex- 
panded scale. 
where Arc is the cathodic frequency shift, hfs is the fre- 
quency shift measured during stripping, and XA1 is the mass 
fraction of aluminum in the film. Equation 2 neglects the 
mass of hydrogen atoms in comparison to those of alu- 
minum and oxygen. The mass fraction of aluminum from 
Eq. 2 is 0.275, which suggests that the atomic ratio of oxy- 
gen to aluminum in the film was 4. (MJ(MA1 + 4Mo) = 0.296, 
where M is the atomic mass). The film composition with 
this O/A1 ratio having the minimum water content is the 
hydroxide [AI(OH)3. H20], so it is clear that there must be 
at least one water molecule per aluminum ion. If the as- 
sumptions above are not met, the true O/A1 ratio for the 
film during cathodic harging would be even larger than 4, 
implying an even greater water content. The incorporation 
of water in the film is consistent with the infrared spectra, 
which showed that the intensity of the H-O-H bending vi- 
bration associated with molecular water increased with in- 
creasing film thickness. 
Figure 11 compares the integrated intensities of the vari- 
ous bands in the infrared spectrum with the cathodic mass 
increases calculated from the QCM frequency shifts. Both 
sets of measurements depend linearly on cathodic harge. 
The band intensities of the IR difference spectra are lin- 
early related to the film thickness, since the film composi- 
tion apparently did not change with thickness. Figures 10 
and 11 taken together provide good evidence that the ca- 
thodic mass increase is associated with the deposition of 
the same film detected by IRS. It is unlikely that the princi- 
pal cathodic product was aluminum hydride, as was sug- 
gested previously. ~~ 
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Capacitance measurements.~Information about the 
spatial uniformity of film growth was obtained from the 
variation of capacitance with film thickness. The film ca- 
pacitance was obtained by analysis of anodic current ran- 
sients measured when the potential was stepped to -0.9 V 
after cathodic harging. Figure 12 gives the first 100 ms of 
this current ransient. The exponential decay of current at 
times smaller than about 1 ms was considered to represent 
capacitive charging current. The equivalent circuit of the 
cell at these times was taken to be a series combination of 
a resistance Ra, for ohmic onduction in the electrolyte so- 
lution, and a surface impedance, which was represented by 
a parallel capacitance C and resistance R~. The use of this 
circuit is supported by ac impedance studies on alu- 
minum; 4~'42 Rf and C refer to the resistance and capacitance 
of the film/metal interface, combined with a resistive layer 
next to the metal surface. In acid solutions, there may be in 
addition an outer, porous, conductive layer which does not 
contribute significantly to R~. 44 According to this equiva- 
lent circuit, the capacitive current is 
R~AE ~ (Ra + Rf 9 ~ E2 - Eo i = \Ra(Ra + R~)/exp ~ ~) + ~ R~ [3] 
where hE is the potential step, E2 is the applied potential 
after the step, and Eo is the rest potential. 
Anodic current transients like that in Fig. 12 were meas- 
ured in experiments where the cathodic harge was varied 
between 10 and 60 mC/cm 2, so that cathodic films of vari- 
ous thicknesses were deposited. In each transient, the cur- 
rent at early times was fit to an exponential function, and 
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Fig. 11. Infrared peak area and QCM mass increase as functions 
of applied cathodic charge. QCM mass  increases were calculated 
from the frequency shift in Fig. 7 at charges corresponding to the 
charges applied in infrared experiments. 
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Fig. 12. Anodic current transient measured after a potential step to 
-0 .9  V, following cathodic charging of aluminum at -2 .0  V, as in 
Fig. 9 and 10. Cathodic charging was for 3 s, and 11.2 mC/cm 2 
charge was passed. The solution was 0.1M HCI. The linear asymptote 
at small times represents capacitive charging current, as explained in 
the text. 
Eq. 3 was used to determine Ra and C. In these calculations, 
R~ was obtained by adding the cathodic film conduction 
resistance and the interracial kinetic resistance for ca- 
thodic hydrogen evolution, at the appropriate cathodic 
charge. Both these latter resistances were measured uring 
cathodic film growth, as described in the following paper. 
Figure 13 shows that Ra was approximately the same in all 
experiments, as expected for the resistance of the cell. The 
data may indicate aweak increase of R~ with charge, which 
would be attributed to a contribution to Ra from the low- 
resistance outer layer, which grows during the cathodic pe- 
riod. The reciprocal capacitance increases linearly with ca- 
thodic charge. 
Interpretation of capacitance measurements has been 
considered previously, for aluminum covered with either 
porous 42 and compact 4~ films. According to these studies, 
1/C is a linear function of the resistive layer thickness over 
a wide potential range; Wilhelmsen and Hurlen 4~ further 
indicated that 1/C extrapolated to zero as this thickness 
approached zero. These results suggest hat the measured 
capacitance is dominated by the resistive layer. Thus, for a 
film of uniform thickness, 1/C is ~b/%eo, where ~b and % are 
the thickness and dielectric onstant of the resistive layer, 
and eo is the permittivity of free space. The linear increase 
of 1/C with charge in Fig. 13 would then indicate resistive 
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resistance, obtained from the exponential decay time constant of the 
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line was obtainedby linear regression of the data between 7.2 and 
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layer growth at a constant rate. 
The growth of the resistive layer can be compared to that 
of the entire film, as determined from QCM measurements. 
The thickness of the entire film, 5, is 5o + 1.3SAme/p, where 
5o is the initial thickness, 3.1 rim, hmc is the mass increase 
from Fig. 8, p is the film density, 2.4 g/cm 3 s0, and the factor 
1.38, the slope of Fig. 10, is used to convert he measured 
mass increase to the increase of film mass. The ratio of the 
film thickness to resistive layer thickness is CS/eo%. C5 was 
found to be about 6 • 10 is F/cm for all the experiments in
Fig. 13, indicating that 5/5b is fairly constant. Assuming 
that % lies between 9 and 20, -the values given by Hitzig 
et al. 4s and by Wilhelmsen and Hurlen, 45 the range of possi- 
ble 5/5b ratios is between 3 and 8. The existence of a con- 
ductive, probably porous outer layer is in agreement with 
the film's significant water content, as detected with IRS 
and QCM. Also, the constant 5/5b is reasonable, in view of 
the conclusion from IRS and QCM film stripping measure- 
ments that the overall film composition remains the same 
with increasing thickness. 
The capacitance measurements, when interpreted with 
the assumption of uniform film growth, lead to a two-layer 
film structure which is reasonable for aluminum in acid 
solutions, 44 and which is consistent with IRS film composi- 
tion measurements. Uniform film growth suggests that the 
film is not localized at "special sites" on surface such as 
grain boundaries, as suggested previously. TM Also, recipro- 
cal capacitance, along with the infrared band intensities, 
provide additional indications of film thickness changes, 
which further support he linear response of the QCM to 
mass changes in these xperiments. 
Discussion 
Infrared spectra.-- In this section, inferences about the 
structure and composition of surface films, drawn from the 
infrared spectra, are discussed. 
The broad shoulder at 1050 cm 1 is at a comparable fre- 
quency to a peak at 1080 cm 1 in the spectrum of boehmite 
(A1OOH), and its shift to 800 to 900 cm -1 after deuterium 
exchange is also similar to that of the boehmite peak. 46 In 
boehmite, this peak is due to bending vibrations of the 
OH-OH zigzag chain adjoining layers of A12(OH)3 octahe- 
dra. 46'47 Thus, these octahedral units are also found in the 
cathodic film; however, the lack of sharp peaks in the spec- 
trum suggests that the film is in an amorphous or poorly 
crystallized state. The spectra also show that water is in- 
corporated within the film structure, since the intensity of 
the band for the H-O-H bending vibration in water 
molecules (1644 cm -~) increases with increasing film mass 
(Fig. 4). Further, the shift of the hydroxyl stretch band, 
during cathodic harging, toward the wave number of "free 
water" hydroxyl (3600 to 3700 cm ') suggests that some of 
the water in the film is not bound to the aluminum hydrox- 
ide units and may be found in micropores. 
The behavior of the AI-O stretching vibration has not 
been documented in prior transmission i frared studies of 
amorphous aluminum hydroxides. In the present work, af- 
ter heating the aluminum electrodes to 235~ the AI-O 
stretch band for the cathodic film shifted from 905 to 
935 cm 1, closer to the position of this band for the native 
oxide film, 949 cm -1 (Fig. 6). This shift was accompanied by 
an extensive loss of hydroxyl from the film. The position of 
the Al-O band in reflectance spectra of anhydrous amor- 
phous thermal and anodic aluminum oxides has been re- 
ported by several investigators to be near 960 cm -1. ~9.29-33 
Therefore, it appears that the position of the A1-O band 
is variable according to the amount of hydroxyl in the film, 
its wave number increasing with greater hydroxide ion 
content. 
The hydroxide concentration f the film can be in turn be 
related to the local coordination of aluminum ions. In an- 
hydrous amorphous alumina films, the fraction of tetrahe- 
drally coordinated Al+3 ions has been shown with x-ray 
diffraction to be between 0.85 and 1.0. 48 Amorphous anodic 
films formed in sulfuric acid, which have at ]east some 
hydroxide, 3~ have a lower tetrahedral fraction, between 
0.6 and 0.7. ~~ In amorphous films, the correlation between 
octahedral coordination and hydroxide content is reason- 
able, since the elementary structural unit of amorphous 
hydroxide is the AI(OH)a(OH2)3 octahedron, s~Also, all crys- 
talline hydroxides and oxyhydroxides have octahedral co- 
ordination, s~ Since, in general, AlO6 vibrations occur at 
higher frequencies than A10~ vibrations, ~1 the frequency of 
the A1-O band would be expected to increase with increas- 
ing proportion of tetrahedrally coordinated A1 § in the film, 
and a corresponding decreasing hydroxide content. This 
rule is consistent with the present results. 
The infrared spectrum of a surface film on an as-evapo- 
rated aluminum electrode (Fig. 2) showed that the AI-O 
vibration was at 948 cm -1, lower than the frequency of 
960 cm -~ of this mode in anhydrous anodic films. In view of 
the above discussion, this observation is consistent with the 
XPS result that this film contained appreciable water or 
aluminum hydroxide. The amount of hydroxide is smaller 
than for the film formed by cathodic harging, because the 
A1-O vibration is at a higher frequency (948 vs. 905 cm-1), 
and because the 1050 cm -1 shoulder associated with hy- 
droxide is absent from the spectrum of the native film. 
Therefore, cathodic charging i creases the film's hydroxide 
concentration, aswell causing appreciable water to be in- 
corporated. Films with similar spectra are formed by an- 
odic oxidation in acidic solutions. 3~ 
Conditions for f i lm deposit ion.~It  has been suggested 
that "etch films" found after ac etching were formed by 
precipitation during the cathodic half-cycle, owing to in- 
creased pH near the electrode surface. In order to examine 
the possibility that the films in the present work were pre- 
cipitated, the pH of the solution at the aluminum surface, 
at the time of initiation of film growth, is calculated 
and compared to the pH necessary for precipitation of 
a hydroxide film. The surface H § concentration is deter- 
mined by consideration of diffusion and migration of H § 
in the HC1 binary electrolyte, according to the diffusion 
equation 5s
0c 02c 
at - D ax ~ [4] 
where c is the concentration and D the diffusivity of the 
HC1 binary electrolyte. Migration is accounted for in Eq. 4 
through the use of the binary electrolyte diffusivity, rather 
than that of the ion. 5s Equation 4 can be solved along with 
the boundary condition for constant flux of H § at the elec- 
trode surface (x = 0) 
i (1 - t+ ~ D ~c (x=0) [5] 
and with the knowledge that the concentration atx = ~ is 
the bulk concentration cb, to obtain 53 
c(O, t) = cb - 2 i t~  tl/2 [6] 
F~]D ~r 
With the values of cb = 0.1M, D = 3.05 • 10-5 cm2/s, ~4 t ~ = 
0.169, 54 t = 5 s, and i = 5.8 mA/cm 2 (the maximum current in 
Fig. 9), the surface HC1 concentration change when film 
growth begins is only 0.005M, which is small by compari- 
son with the bulk HC1 concentration of 0.1M. By assuming 
that the current was constant at the maximum value in 
Fig. 9, this surface pH change is overestimated compared to 
what would have been calculated from the actual experi- 
mental current transient. Also, the concentration change 
would have been smaller if convection due to gas bubble 
evolution were included. Given that the solubility product 
for amorphous AI(OH)~ is 10-32, ~5 an A1 +~ concentration 
higher than 106M would be required to precipitate AI(OH)3, 
at the surface HC1 concentration f 0.095M. Therefore, film 
deposition by precipitation is considered to be unlikely. 
Evidently, the cathodic film observed in these experi- 
ments was not produced by precipitation, but by electro- 
chemical film growth. The potential of -2.0 V during ca- 
thodic polarization is close to the equilibrium potential for 
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the aluminum electrode. 55Normally the rate of electro- 
chemical film growth at small anodic overpotentials is lim- 
ited by the high intrinsic electrical resistance of the film 
itself. Thus, the appearance of film growth at a constant 
rate indicates that the original oxide film must have under- 
gone a transformation, which dramatically decreased its 
electrical resistance. The low electrical resistance is proba- 
bly also related to the significant hydration of the cathodic 
film, as revealed by IRS. The electrical conduction proper- 
ties of the cathodic film are discussed further in the follow- 
ing paper. 
While the above calculation does not directly refer to 
etch film deposition during ac etching of aluminum, the 
solution compositions and temperatures for which ca- 
thodic film deposition was observed here are similar to the 
conditions of ac etching. The typical cathodic harge per 
cycle in ac etching is also comparable to those which were 
found to be necessary to initiate film growth. It is likely 
that the electrochemical film growth observed here con- 
tributes to the etch films deposited in ac etching. 
Conclusions 
The electrochemistry of aluminum in the potential region 
cathodic of the open-circuit potential, in acid solution, was 
investigated to elucidate surface changes which result in 
enhanced corrosion rates under cathodic polarization. 
Quartz crystal microbalance measurements showed that, at 
room temperature, a surface film begins to form after pas- 
sage of 7 mC/cm 2cathodic harge. This behavior was veri- 
fied with infrared spectroscopy and capacitance measure- 
ments. Also, the approximately linear variation of 
reciprocal capacitance with film mass indicated that the 
film grew uniformly across the electrode surface. The film 
growth rate was constant, suggesting that its electrical re- 
sistance for ionic conduction is small. Ex  situ IRS showed 
that the film produced by cathodic charging is an alu- 
minum oxyhydroxide or hydroxide containing absorbed 
water; QCM stripping measurements estimated the water 
content to be at least one H20 per aluminum ion. This high 
water concentration may be responsible for the apparently 
conductive nature of the film. 
Mass transport calculations showed that, at the moment  
when film growth begins, the solution pH near the film/so- 
lution interface is much too acidic for precipitation of alu- 
minum hydroxide to have occurred. It is more likely that 
film growth initiates as a result of hydration of the native 
oxide film, or some other structural change, which results 
in a significantly lowered ion transport resistance. Such a 
loss of resistance might also account for the acceleration of
corrosion at cathodic potentials, as well as the high suscep- 
tibility of the metal toward pitting corrosion during subse- 
quent anodic polarization. 
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Changes Produced by Cathodic Polarization in the 
Electrical Conduction Behavior of Surface Films on Aluminum 
Ching-Feng Lin a and Kurt R. Hebert* 
Department of Chemical Engineering, Iowa State University, Ames, Iowa 50011 
ABSTRACT 
The electrochemical behavior of aluminum during cathodic polarization was investigated with the quartz crystal 
microbalance, to identify changes in the electrical conduction properties of the surface film, which result in strongly 
enhanced electrochemical reaction rates. As a consequence of cathodic harging at potentials more negative than about 
-1.45 V vs. NHE in 0.1M HC1 solution, the surface film transforms from a high field electrical conductor to an ohmic 
conductor, and then begins to grow. The critical potential for forming this ohmically conducting film agrees with the 
potential below which aluminum hydroxide is expected to be more stable than aluminum oxide, near the metal/film 
interface. The conductivity ofthe cathodic film is within an order of magnitude ofthe proton conductivity ofbulk hydrated 
aluminum hydroxide, AI(OH)3. H20. When the potential is stepped above the open-circuit potential subsequent to cathodic 
charging, there is a characteristic current decay during several seconds, after which the conductivity is three orders of 
magnitude smaller than at the cathodic potential. A mechanism is given, based on calculated overpotentials for interracial 
reaction and transport processes, through which the oxide film transforms to hydroxide at cathodic potentials. 
There is a wide potential range on aluminum, of about 
1.6 V, where both cathodic hydrogen evolution and anodic 
metal oxidation are thermodynamically possible. In acid 
solutions, near the open-circuit potential of about -0.8 V 
vs. the normal hydrogen electrode (NHE), the rates of an- 
odic and cathodic reactions are limited by the resistance of 
the surface oxide film to transport of ions. However, at 
potentials more negative than about -1.2 V vs. NHE,  there 
are greatly increased hydrogen evolution currents I-7 and 
corrosion rates, 2'3'~'s and surface films are deposited? Also, 
in chloride ion containing solutions, the rate of corrosion 
pit initiation is observed to be greatly enhanced due to 
prior cathodic polarization of the metal below -1.2 V. 10 
This effect may be responsible for the extremely large pit 
number densities found after alternating current (ac) etch- 
ing of aluminum in chloride solutions. 10-13 
Two points of view have been adopted in explaining this 
cathodic activation of aluminum. Some investigators at- 
tribute the unusual cathodic behavior to increased pH in 
the solution ear the metal surface, resulting from the ca- 
thodic decomposition of water to hydroxide ions. 2'~ The 
surface oxide film is known to be soluble in alkaline solu- 
tions, so the transport limitation imposed by the film on the 
rates of anodic and cathodic reactions would be removed. 
Films found to grow at cathodic potentials would have 
been precipitated on the electrode surface, due to the large 
metal dissolution rate. In contrast to this mechanism, oth- 
ers suggest that the surface oxide film becomes hydrated as 
a result of electrochemical processes occurring at cathodic 
potentials, and consequently its resistance dramatically 
decreasesY ,14 
In the preceding paper Lin et al. ~ used the electrochemi- 
cal quartz crystal microbalance (QCM), together with in- 
frared spectroscopy and capacitance measurements, to i - 
vestigate the conditions for film growth at cathodic 
potentials. When the potential was held at -1.80 V (NHE) 
* Electrochemical Society Active Member. 
a Present address: Industrial Technology Research Institute, 
Materials Research Laboratories, Hsinchu, Taiwan, China. 
in O.1M HC1 solution, an oxyhydroxide or hydroxide sur- 
face film began to grow after the passage of only 7 mC/em 2 
of cathodic charge. Mass transport calculations showed 
that at the time film growth initiated, the solution near the 
electrode surface was practically unchanged from its initial 
composition. Thus, the film growth occurred by direct elec- 
trochemical reaction and not by precipitation from solu- 
tion. Since the high resistance of the oxide film to ionic 
conduction would normally severely limit film growth at 
cathodic potentials, the original film must have undergone 
a structural transformation through which its electrical re- 
sistance had diminished greatly. 
In the present work, the electrical conduction properties 
of the surface film on aluminum were measured before, 
during, and after cathodic polarization in 0.1M HC1 solu- 
tion. Measurements were carried out using the QCM, which 
allows the simultaneous monitoring of electrochemical 
charge and electrode mass changes, the latter with mono- 
layer sensitivity. 1G'17 Conductive properties of the surface 
film can be inferred, for example, through measurements of 
the variation of current flow with film mass during its 
growth. Also, a theoretical explanation is given for the 
transformation i the chemical composition of the film 
which led to the observed change in conduction behavior. 
The model for the film, on which this explanation is based, 
includes interracial reactions and transport processes of 
aluminum and hydrogen ions, and the equilibrium between 
solid aluminum oxide and hydroxide in the film. Figure i is 
a schematic drawing of the film showing these reactions. 
Experimental 
Details of the QCM measurements and electrode prepa- 
ration are the same as given in the preceding paper. 15 The 
aluminum electrodes were approximately 0.25 p,m thick 
films evaporated from a pure source (99.99% A1 foil, pro- 
vided by KDK Corporation, Japan) onto AT-cut quartz 
crystals (Valpey-Fisher). The electrode area was 0.34 cm 2. 
The deposited films were exposed in laboratory ambient 
for 24 h. The crystals were then mounted into the wall of 
the electrochemical cel . A platinum wire and an Ag/AgC1/ 
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